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Abstract.
We demonstrate second and third harmonic generation from a GaAs substrate, far
from the phase matching and well-below the absorption edge, in both transmission
and reflection geometries. The pump is tuned in the transparency range, while the SH
and the TH signals are tuned in the opaque spectral range of GaAs. We find that the
polarization of the generated signals is sensitive to the polarization of the pump. The
experimental results are contrasted with numerical simulations that account for both
surface and bulk contributions and show that the bulk-generated SH components are
less intense than surface-generated SH signals.
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1. Introduction
Nonlinear (NL) optics is the study of phenomena that occur as a consequence of the
modification of the optical properties of a material due to the presence of intense
light. Its traditional topics cover di↵erent types of parametric processes, such as second
harmonic generation (SHG).
In NL phenomena, the polarization of the material system depends on the strength of
the applied optical field following the well-known equation:
P (t) = ✏0[ 
(1)
E(t) +  (2)E2(t) +  (3)E3(t) + ...]
⌘ P (1)(t) + P (2)(t) + P (3)(t) + ...
(1)
where  (1) is the linear susceptibility,  (2) and  (3) are known as the second- and third-
order NL susceptibilities, and ✏0 is the permittivity of free space. Interactions due to
P
(2)(t) = ✏0 (2)E2(t) can occur only in non centro-symmetric crystals. In SHG two
photons at frequency ! interact with a NL material and generate a new photon at 2!.
SHG can occur in the bulk of non centro-symetric materials as well as at the surface of
all materials, due to breaking of translational symmetry. On the other hand, third-order
NL interactions can occur in both centro-symmetric and non centro-symmetric crystals.
In Eq.(1) we have taken the fields E and P to be scalar quantities. However, one
generally need to account for the vector nature of the fields. Then, the susceptibility
becomes a tensor that couples the di↵erent components of the field and polarization.
Under the Kleinman’s symmetry condition, assuming a lossless NL medium, and
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considering the symmetry of (001) GaAs, the polarization of the SH generated field
(2!) as a function of the fundamental field (FF), !, may be written as follows:
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where d14 is the only non-banishing element of a matrix d referred to as the NL coe cient
tensor which is related to the susceptibility tensor: d = 12✏0 
(2) (d in m/V).
Eq.(2) is a general expression that allows an electric field to interact with a NL medium
and to generate a SH field. The SHG e ciency is given by Eq. (3), where n1 is the
index of refraction of the linear medium, n2 is the index of refraction of the NL material,
deff is called the d e↵ective value, I!(0) is the intensity of the FF at the entrance of the
material, L is the thickness of the sample, and  k is called the phase mismatch factor:
 ~k = ~k2   2~k1, where ~k1 and ~k2 are the wave-vectors of the fundamental and the SH
fields, respectively.
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Perfect phase matching (PM) occurs when  ~k = 0, a condition that requires both FF
and SH fields to have the same phase velocities. Due to material dispersion, the FF and
the SH fields generally experience di↵erent group velocities. The distance at which the
SH field is no longer under the spatial influence of the FF pulse due to di↵erences in
group velocities is called the walk-o↵ distance, and it is better observed when  ~k 6= 0.
Under phase mismatched conditions, when a pump pulse crosses an interface between
a linear and a NL medium there are always three generated SH components. One
component is generated backward (reflection) into the linear medium; the other two
components are generated forward. This was discussed first in [1] where a mathematical
treatment provided a general solution of the SH field that showed two contributions,
one traveling with the characteristic group velocity expected at the second harmonic
frequency, and a second component that instead appeared to travel with the group
velocity of the FF.
It is well-known that these forward-propagating components arise from the homogeneous
(HOM) and inhomogeneous (INHOM) solutions of the wave equation at the SH
frequency. The HOM component travels with the group velocity given by material
dispersion: k(2!) = k0(2!)n(2!), where k0(2!) = 2!/c is the wave-number expression
for the SH in vaccum; while the INHOM component is captured by the pump pulse
and experiences its same e↵ective dispersion: 2k0(!)n(!), where k0(!) = !/c is the
wave-number of the FF in vacuum. In this case it is said that the SH pulse is phase
locked (PL). This phenomenon was firts observed in [2].
If absorption is present at the SH wavelength the HOM component is absorbed, while the
PL solution can co-propagate with the pump and exit the medium. Harmonic generation
in absorbing materials has previously been considered in the context of measuring
nonlinear coe cients but it has not been as widely studied as in the transparency
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frequency range.
In [3] the inhibition of absorption for femtosecond, SH and TH generated signals in a
bulk GaAs substrate was experimentally observed. Fig. 1 shows the real and imaginary
parts of the permittivity of GaAs reported in [4]. One may surmise that the medium
is transparent for wavelengths above 900 nm, and strongly absorptive below it. This
means that if the FF is pumped at 1064 nm, the SH (532 nm) and the TH (355 nm)
signals are tuned well below the absorption edge of GaAs.
Chapter 6. Inhibition of absorption in opaque materials 
 
131 
below it, as it is possible to see in Fig.6.1. This means that both SH and TH 
signals are tuned well below the absorption edge of GaAs, at 650nm and 
435nm, respectively. For a FF tuned at 1300nm, the characteristic 
absorption lengths of GaAs are typically much less than one micron. For 
example, transmittance through one micron of GaAs is ~10-4 at 532nm, and 
~10-8 at 364nm. The plot in Fig.6.1 represents the complex index of 
refraction of GaAs as reported by Palik [Pal85]. The Lorentz parameters are 
thus chosen to reflect these data and, in particular, are ωp=9.425, ωr=2.98, 
and γ=0 for the pump (γ=0 effectively makes the medium transparent to the 
pump); ωp=9.425, ωr=2.98, and γ=0.5 fo  the SH; ωp=9.425, ωr=2.98, and 
γ=1.65 for the TH. The indexes of refraction for this tuning have the 
following values: n1300nm=3.41, n650nm=3.83+i0.18 and n433nm=3.88+i1.55. The 
consequent phase mismatch for the SH is Δk=4π(n2-n1)/λ1=4.06μm-1. For a 
propagation in a L=450μm thick slab we can also estimate the parameter 
ΔkL=1.8x103. 
 
 
Figure 6.1. Real and immaginary part of GaAs as reported in Palik [Pal85]   
 
 For the sake of precision, we can note some discrepancy for the index at 
the TH among different reported values in literature and the value obtained 
here with the Lorentz model. This is due the high slope and high values of 
the complex dispersion curve around that wavelength. Moreover, the 
Lorentz model is used to model directly the permittivity of the material. To 
have a simple comparison between the absorption and not-absorption case 
as in the previous Chapter we only change the parameter γ. Real part of ε is 
FFSHTH
Figure 1: Real (blue) and imaginary (red) part of the permittivity of GaAs.
The SH fields can also be generated at the surface of the medium as a result of breaking
of translational symmetry. This phenomena can be understood following the theoretical
approach outlined in [5]. In general, nonlinear sources may be specified in terms of
a complex dielectric function described by a comb ned Drude-Lorentz, which contains
a mix of free and bound el tron having one or more resonances. For typical GaAs
substrates, free carrier doping (n- or p-type) ranges from 1014 cm 3-1017 cm 3, so that
the Drude portion may be neglected. Therefore, in our case only bound electrons are
assumed to play a role in surface SHG.
Neglecting for the moment NL restoring forces ( (2), (3), etc), Newton’s second law for
one species of bound electrons leads to the following e↵ective polarization equation for
bound charges:
~̈Pb +  b ~̇Pb + !
2
0,b
~Pb =
n0,be
2
m
⇤
b
~E +
e
m
⇤
b
c
~̇Pb ⇥ ~H (4)
where ~Pb is the polarization, ~̇Pb is the bound current density, ~H is the magnetic field, e
is the charge of the electron, m⇤
b
is the bound electron’s e↵ective mass, and c is the speed
of light. When developing Eq. (4), the following expressions for the SH polarization
envelope function ([5], [6]) is found in the undepleted pump approximation:
~̈Pb,2! +  ̃b ~̇Pb,2! + !̃
2
0,b
~Pb,2! ⇡
n0,be
2
 
2
0
m
⇤
b
c2
~E2! +
e 0
m
⇤
b
c2
( ~E! ~r~Pb,! + ( ~̇Pb,!   i! ~Pb,!)⇥ ~H!) (5)
where  0 = 1µm and some coe cients have been scaled: ˜ b,N! =  0( b   Ni!)/c,
!̃
2
0,b,N! =  0(!
2
0   (N!)2 + i bN!)/c where N = 2 is an integer that denotes the SH.
Eq.(5) suggests that in the absence of bulk nonlinearities, SHG comes about from
the gradient of the polarization, which is non-zero at the surface, and the magnetic
field (Lorentz force), which has both surface and bulk components. Eq. (5) describes
bound charges that give rise to SHG in metallic structures as well as in dielectrics and
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semiconductors of arbitrary geometry, and are valid in the ultrashort pulse regime. NL
restoring forces may be introduced into Eq. (5) to generalize it and gain the ability to
account for harmonic generation in dielectric and semiconductor structures alike. This
may be achieved by introducing a NL polarization in the usual way, i.e. Eq. (1). The
total second order NL polarization may be written in a simplified manner as follows:
~PNL(2!) ⇡  (2)(!) ~E2 +  (3)(!) ~E3 +
e 0
m
⇤
b
c2
( ~E! ~r~Pb,! + ( ~̇Pb,!   i! ~Pb,!)⇥ ~H!) (6)
where  (2) and  (3) are tensor quantities. The first and second terms on the right hand
side of Eq. (6) include the contribution of the bulk to SHG and THG, respectively,
the gradient term represents the surface contribution and the remaining terms are the
Lorentz contribution.
In this thesis we will study the PL SH and TH signals generated when a 1064 nm
pumped laser interacts with a GaAs substrate. The SH and TH signals are generated at
532 nm and 355 nm respectively, well-below the absorption edge of GaAs. A discussion
about where this signals come from (bulk or surface SHG) will be included too as well
as a comparison of the experimental results with theoretical simulations.
2. Experimental setup
As NL material we have chosen a GaAs substrate of 500 µm thick, grown in the 001
direction. Fig. 2b shows the direction of the three crystallographic axes, as well as the
angle of incidence of the FF beam, ✓. Following this reference frame, the electric field
for the TE-polarized light can be written as ~ETE = ETE0~i and for the TM-polarized
light as ~ETM = ETM0(cos✓~j + sin✓~k). If the polarization of the incident light is a sum
of TE and TM-polarized light, taking   as the angle of rotation of the electric field, and
taking into account Eq. (2), the polarization vector of the SH field can be calculated:
~P (2!) = dE20(cos
2
 cos✓sin✓~i+ sin cos sin✓~j + sin cos cos✓~k) (7)
Eq. (7) tells us that, considering only the bulk contribution ( (2)) in the generation of
the SH field and considering a particular angle of incidence, the TE and TM-polarized
SH e ciency would be proportional to cos4  and sin2(2 ), respectively. Nonetheless, if
the gradient term of Eq. (6) is developed it can be shown that the dependence is the
opposite. In the next section we will analyze our measurements and we will see that
they can be understood taking into account surface SHG (surface and Lorentz terms of
Eq. (6)).
For a complete study of the harmonic signals generated by the GaAs substrate we
have designed and build a setup capable of measuring the SH both in transmission and
reflection. The schematic representation for each configuration is shown in Figs. 2a
and 2b, respectively. We have used a Nd:YAG laser tuned at 1064 nm, 8 ns pulse
duration and an intensity around 40 MW/cm2. Mirrors are placed to guide the light
and appropriate lenses are used to focus and image the beam. A half-wave plate, placed
at the laser output, controls the polarization of the FF. A polarizer, positioned after
the sample, controls the polarization of the SH. The sample is set in a rotary support
in between two di↵erent filters. The first one eliminates background SH. This way we
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make sure that only FF (at 1064 nm) enters the sample. The second one attenuates
the FF that has passed through the sample. In addition, a HR mirror, a prism and a
blocking edge are used in order to make sure that the signal we are measuring is all
SH or TH. The e ciency of these PL signals is expected to be very low, of order 10 9
or 10 10. These values are far from what is usually measured and makes the detection
very challenging. For this reason, light is collected with a photomultiplier so that the
detected signal is strongly amplified. Then, it is analyzed with an oscilloscope. The
transmitted PL harmonic signals are measured as a function of the angle of incidence
by rotating the sample. This is not so simple in the reflection case as all the arm of
detection has to be moved. In Fig. 2b the encircled part in grey is fixed together, which
makes us able to rotate it in order to measure reflection properly.
1000 mm
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100 mm
GaAs
SH Polarizer
 /2
Prism
Blocking  
edge
HR mirror
Photomultiplier
FF
SH
SH Filter
FF Filter
LASER
(a)
GaAs
LASER
1000 mm
 /2400 mm
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HR mirror
SH Polarizer
Prism
Blocking  
edge
Photomultiplier
SH
FF
SH Filter
FF Filter
100 (x) TE
TM
001 (z)
010 (y)
 
(b)
Figure 2: Transmission (a) and reflection (b) setups for measuring SH and TH signals.
So, there are three parameters that can be controlled. The polarization of the FF is
changed by rotating the half-wave plate, the polarization of the SH is measured with
the polarizer, and the angle of incidence of the FF to the sample is modified by rotating
the support in which the substrate holds. We have focused the measurements on four
di↵erent polarization combinations between the FF and the SH: TM-TM, TM-TE, TE-
TM, TE-TE, as a function of the angle of incidence.
3. Results and discussion
3.1. Numerical simulations
In order to study the generation of SH in a GaAs substrate, several simulations have been
performed. Our program allows us to approximately reproduce the experiment. It is
based on the mathematical approach proposed in [5]. Briefly, this model solves Maxwell’s
equations taking into account the total nonlinear polarization shown in Eq. (6), so that
bulk, Lorentz and surface contributions are taken into account in the generation of the
harmonics. Through the simulation model we are able to modify input parameters such
as angle of incidence, incident wavelength and polarization, pulse width and intensity,
and the thickness of the GaAs substrate.
In Figs. 3a, 3b and 3c the simulated transmitted (blue) and reflected (red) PL SH
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e ciencies are plotted as functions of the angle of incidence. Incident wavelength and
intensity are set to 1064 nm and 2 GW/cm2, respectively. Pulse-width is 50 fs and
the GaAs substrate is taken to be 10 µm thick. In Fig. 3a FF and SH fields are TM
polarized. The transmission is maximum between 70  and 80 , and it is approximately
one order of magnitude larger than the reflection. A second peak in the reflected SH
appears between 80  and 90 . Fig. 3b shows the SH e ciency when the FF and the SH
field are TM and TE polarized, respectively. The TE-polarized SH signal is generated
by the bulk  (2) of GaAs. Both transmission and reflection are two orders of magnitude
smaller compared to the previous case illustrated in Fig. 3a and the maximum in
transmission is now found around 50 . The TE-TM case illustrated in Fig. 3c refers to
a TE-polarized pump and a surface-generated, TM-polarized SH signal. Transmission
e ciency is of order 10 9 and the contrast in magnitude between transmission and
reflection is not as large as in the previous cases. In both transmitted and reflected
SH a peak appears at 80 . For TE-TE configuration, no SH is generated either in
transmission and reflection. Fig. 3d shows the transmitted SH e ciency for each case.
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Figure 3: Calculated SH transmission (blue) and reflection (red) curves when bulk- and surface-
generated SH are considered.
Figs. 3a, 3b, 3c and 3d were obtained by taking into account the three SH sources.
An extensive study has been performed in order to see which source plays a role in the
generation of each polarization of the SH. The analysis consisted in the activation and
deactivation of each source term in each simulation. As a result, it was deduced that
when the FF is TM-polarized, TM-SH arises from the surface and the Lorentz terms,
while the TE-SH is generated by the bulk contribution. This is in agreement with Eq.
(7). When the FF is TM-polarized (  = 0 ), the SH polarization coming from the
bulk term is ~P (2!) = dE20cos✓sin✓~i, so that TE-SH is obtained. Moreover, there is a
maximum for ✓ = 45 , which can also be seen in Fig. 3b. Notice also that for normal
incidence (✓ = 0 ) the NL polarization becomes 0 so generation of the SH is not possible.
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When the FF is TE-polarized only TM-SH is generated and it is all due to the Lorentz
term.
These phenomena were analyzed in [6], where a study of SHG and THG in
centro-cymmetric semiconductors at visible and UV wavelengths in bulk and cavity
environments was performed. In it, the complete NL second-order polarization vector
for (001) GaAs is deduced. From it, it is demonstrated that when the incident light is
TM-polarized, TM-SH is generated if the Lorentz and surface contributions are present.
The same happens when the FF is TE-polarized and a SH field TM-polarized appears
due to the presence of these surface terms. As far as the TH is concerned, a TM-
polarized TH field appears when the incident light is TM-polarized due to the response
of  (3). However, if the Lorentz and surface contributions are taken into account, a
TE-polarized TH field is also generated.
3.2. Experimental results
In Figs. 4a, 4b and 4c the measured (blue) and simulated (red) transmitted SH e ciency
as a function of ✓ is plotted for TM-TM, TM-TE and TE-TM polarizations, respectively.
It can be seen that the measured and the simulated data fits quite well despite the
oscillations that appear in the blue line which are going to be justified later. Fig. 4a
and 4c demonstrate that not only the  (2) has to be taken into account but also the
SHG at the surface. However, in our measurements we obtain e ciencies of the order of
10 9 and 10 10. For what the bulk contribution is concerned (TM-TE), the transmitted
SH e ciency is proportional to 10 11, which tells us that the surface and Lorenz terms
play a more important role in the generation of SH than the bulk for our GaAs sample.
For TE-polarized FF and SH no signal was observed for any angle of incidence, which
is also in accordance with the theoretical simulations. Fig. 4d shows the experimental
data of transmitted SH e ciency for TM-TM, TM-TE and TE-TM configurations. It
can be observed that the proportion between them is in agreement with Fig. 3d.
The  (2) (and  (3)) parameter have been adjusted as well as the e↵ective mass of the
bound electrons so that the theoretical curve could fit the experimental data. The
values of the NL susceptibilities are 10 11 m/V and 10 20 m2/V 2 respectively, while the
e↵ective mass is 0, 0125Me, where Me is the free electron mass. This is a nice result
as, by analyzing the transmitted SH e ciency, properties of the GaAs substrate can be
deduced.
Figs. 5a, 5b and 5c show the measured (blue) and simulated (red) reflected SH e ciency
as a function of the angle of incidence. Fig. 5a fits almost perfect in shape, showing
both the measured and the simulated curve a peak around 85 . In Fig. 5b it is observed
that the experimental and the simulated data coincide in shape and order of magnitude.
In Fig. 5c another peak appears in the measured reflection for large angles that are also
present in the simulated curve. When the FF was set to be TE-polarized, no TE-SH
was observed, which is also in accordance with the theoretical results. In Fig. 5d all the
measured SH e ciency in reflection is collected.
Transmitted TH e ciency has also been measured as a function of ✓. Fig. 6a collects the
measured (blue) and simulated (red) transmitted TH e ciency for TM-polarized FF. It
can be seen that the oscillations are also present. For both curves the same behavior is
observed, the larger the angle of incidence, the more decreases the TH e ciency. In Fig.
6b, the transmitted TH e ciency when the FF is TE-polarized is represented, showing
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Figure 4: Calculated (red) and measured (blue) SH transmission e ciencies as a function of
the angle of incidence.
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Figure 5: Calculated (red) and measured (blue) SH reflection e ciencies as a function of the
angle of incidence.
the same behavior as in the previous case. It is important to notice here that we have
been able to measure e ciencies of the order of 10 13 thanks to the good functioning of
our setup (Fig. 2a).
In all the measured data we have seen oscillations in both transmission and reflection.
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In order to analyze them we performed more accurate measurements (one of which can
be observed in Fig. 6a), and approximately 1, 4 degrees/oscillation were counted. This
resonances are explained due to the fact that for di↵erent angles of incidence, the path
length that the light has to travel from the entrance to the exit of the sample changes. In
going from normal incidence to ✓ = 90 , 1, 25 degrees/oscillation are calculated, which
is in agreement with what we have got in our measurements. Moreover, more or less the
same number of oscillations are obtained for the SH and the TH meaning that these are
resonances of the FF. So, the GaAs substrate is acting as a resonant cavity and that is
why these oscillations appear. If a thinner substrate was used, the path length would
not change as much with the angle of incidence and these resonances would banish.
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Figure 6: Calculated (red) and measured (blue) TH transmission e ciencies as a function of
the angle of incidence.
In order to conclude the results we took measurements of the TM and TE-polarized
SH e ciency as a function of the FF polarization when ✓ was fixed at 45 . This is
what is represented in Figs. 7a and 7b for TM and TE-polarized SH, respectively. The
experimental data (blue) was fitted to a curve (red) of the form:
E(2!)
E(!)
= (↵sin(2 ) +  cos2 +  )2 (8)
which represents the interference between the bulk, the surface and the Lorentz terms,
and ↵,   and   are constants. For instance, for TM-polarized SH we have seen that
the bulk contribution is proportional to sin(2 ) and the surface term is proportional to
cos
2
 . For what the Lorentz term is concerned, we have taken it as a constant since the
~E ⇥ ~H polarization is longitudinal, so the SH due to the Lorentz force will always lie in
the plane of incidence regardless of the angle  . The fittings for the TM (Eq. (9)) and
TE (Eq. (10)) polarized SH are the following ones:
E(2!)
E(!)
= 1, 1064 · 10 9( 0, 08938sin(2 ) + 1, 36cos2   0, 3756)2 (9)
E(2!)
E(!)
= 1, 3636 · 10 10(0, 9512sin(2 ) + 0, 2992cos2   0, 1012)2 (10)
As it can be seen, the surface contribution in both cases (cos2  for TM-SH and sin(2 )
for TE-SH) is larger than the bulk (sin(2 ) for TM-SH and cos2  for TE-SH). So with
this, we corroborate that the surface term is the main source of generation of SH in our
GaAs substrate.
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Figure 7: Transmission measurements (blue) and fitting (red) of the SH e ciency when the
electric field is rotated.
4. Conclusions
We have proved with these preliminary results SHG and THG in the opaque region of
GaAs, which demonstrates that the SH and TH pumps are PL. Moreover, it has been
shown that the experimental data fits well theoretical predictions despite resonances
appearing in the measured curves which have been justified. This fact gives us
information about the sample as the fitting has been done by adjusting the second-
and third-order NL susceptibilities and the e↵ective mass of bound electrons.
We were able to measure transmission e ciencies of order 10 9 - 10 11 for the SH and of
order 10 13 for the TH. Although propagation phenomena and NL frequency conversion
below the absorption edge of semiconductors is still lacking primarily because these
processes are thought to be uninteresting and ine cient due to absorption and to the
naturally high degree of phase mismatch, harmonic generation in absorbing materials
can be useful for realizing coherent sources and is interesting because of the many
potential applications that semiconductors find in optical technology.
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